Lignin is a complex phenolic heteropolymer deposited in the secondarily thickened walls of specialized plant cells to provide strength for plants to stand upright and hydrophobicity to conducting cells for long-distance water transport. Although essential for plant growth and development, lignin is the major plant cell-wall component responsible for biomass recalcitrance to industrial processing. Peroxidases and laccases are generally thought to be responsible for lignin polymerization, but, given their broad substrate specificities and large gene families, specific isoforms involved in lignification are difficult to identify. This study used a combination of co-expression analysis, tissue/celltype-specific expression analysis, and genetic complementation to correlate a sugarcane laccase gene, SofLAC, to the lignification process. A co-expression network constructed from 37 cDNA libraries showed that SofLAC was coordinately expressed with several phenylpropanoid biosynthesis genes. Tissue-specific expression analysis by quantitative RT-PCR showed that SofLAC was expressed preferentially in young internodes and that expression levels decrease with stem maturity. Cell-type-specific expression analysis by in situ hybridization demonstrated the localization of SofLAC mRNA in lignifying cell types, mainly in inner and outer portions of sclerenchymatic bundle sheaths. To investigate whether SofLAC is able to oxidize monolignols during lignification, the Arabidopsis lac17 mutant, which has reduced lignin levels, was complemented by expressing SofLAC under the control of the Arabidopsis AtLAC17 promoter. The expression of SofLAC restored the lignin content but not the lignin composition in complemented lac17 mutant lines. Taken together, these results suggest that SofLAC participates in lignification in sugarcane.
Introduction
Lignins are complex aromatic heteropolymers derived from the oxidative combinatorial coupling of mainly three p-hydroxycinnamyl alcohol monomers (monolignols), p-coumaryl, coniferyl, and sinapyl alcohols, differing in their degree of methoxylation (Boerjan et al., 2003) . After incorporation into lignin, these monolignols are called p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units, respectively (Raes et al., 2003) . These biopolymers are deposited mainly in the secondarily thickened cell walls of tracheary elements and fibres to provide strength and rigidity for plants to stand upright and hydrophobicity to conducting cells for long-distance water transport (Vanholme et al., 2008; Weng and Chapple, 2010) . Cell-wall lignification, as well as the incorporation rate of each monomer, is regulated in a spatio-temporal fashion and varies between primary and secondary cell walls, among tissues and among different taxa (Grabber et al., 2004) . In addition, the deposition of lignin not only follows a developmental programme but can also be triggered by a variety of stresses and environmental conditions (Moura et al., 2010) .
Monolignols are synthesized in the cytoplasm and transported to the cell wall, where they are oxidized by laccases and/or peroxidases prior to their incorporation into the polymer (Vanholme et al., 2008 (Vanholme et al., , 2010a Bonawitz and Chapple, 2010) . However, the broad in vitro substrate specificity of the different enzymes makes it difficult to pinpoint their in planta substrates, and the high gene redundancy hampers the use of reverse genetics McCaig et al., 2005; Dunand, 2009, 2010) . Nevertheless, the involvement of peroxidases in lignin polymerization has been clearly demonstrated by a small number of studies reporting the generation of transgenic plants in which lignification was affected by the up-or downregulation of a particular peroxidase gene (Fagerstedt et al., 2010) . The downregulation of a cationic peroxidase, NtPrx60, in tobacco resulted in up to 50% reduction in lignin content, affecting vascular tissue development but not the overall plant growth and development (Blee et al., 2003) . It has also been shown that overexpression of a cationic peroxidase led to ectopic lignification in transgenic tomato plants (El Mansouri et al., 1999) , whilst transgenic aspen lines downregulated in an anionic peroxidase, PkPrx03, had 20% less lignin compared with the wild type (Li et al., 2003) . By contrast, laccases have been correlated to lignin biosynthesis based mainly on their ability to oxidize lignin precursors in vitro (Karkonen et al., 2002; Liang et al., 2006) and their localization in lignin-forming tissues in various plant species (Ranocha et al., 2002; Caparrós-Ruiz et al., 2006) . In an attempt to find genetic evidence of the role of laccases in lignin polymerization, transgenic poplars with reduced laccase expression have been produced and, although they exhibited an increase in total soluble phenolic content, neither lignin content nor composition was affected (Ranocha et al., 2002) . Arabidopsis tt10 (TRANSPARENT TESTA10; LAC15) mutants have provided evidence for the role of AtLAC15 in the oxidative polymerization of flavonoids in the seed coat (Pourcel et al., 2005) . Mutant seeds had a 59% increase in soluble pro-anthocyanidin or condensed tannin and nearly 30% less extractable lignin compared with wild-type seeds . Only recently, the role of laccases in lignification of stems was demonstrated unambiguously by reverse genetics. By studying laccase T-DNA insertion mutants in Arabidopsis thaliana, Berthet et al. (2011) demonstrated that single mutants of AtLAC4 and AtLAC17 had moderately reduced lignin levels, whereas stems of double mutants displayed up to 40% less lignin compared with the control and had an irregular xylem phenotype. Moreover, tissue-specific alterations were found, as AtLAC17 is specifically involved in the deposition of G units in fibres. Nevertheless, genetic evidence for the functions of laccases in plants is scarce, especially in monocotyledonous plants.
Although lignin is essential for plant growth and development, the presence of this biopolymer negatively affects the use of lignocellulosic biomass as a source for biofuels and bio-based materials (Chen and Dixon, 2007; Vanholme et al., 2010b) . The property of lignin to resist degradation, mainly because of the chemically diverse and poorly reactive linkages and the variety of monomer units, makes this phenolic polymer the major plant cell-wall component responsible for biomass recalcitrance (Weng et al., 2008) . Therefore, the identification and characterization of genes responsible for lignin monomer biosynthesis, lignin polymerization, and lignin pathway regulation is a fundamental goal to allow tailoring of energy crops for industrial purposes. Here, we provide evidence for the role of a laccase gene (SofLAC) in lignin biosynthesis in sugarcane (Saccharum spp.), the most important and productive bioenergy crop, by using a combination of co-expression analysis, tissue-specific expression analysis, and genetic complementation of the Arabidopsis lac17 mutant.
Material and methods

Plant materials and growth conditions
All experiments were performed using plant material harvested from adult sugarcane plants of cultivar IACSP04-627 cultivated in the greenhouse of the Department of Plant Biology, Institute of Biology, State University of Campinas, Campinas, Brazil. For the genetic complementation of the Arabidopsis thaliana lac17 mutant, Col-0 plants were grown under long-day conditions in a growth chamber (21 °C, 60% relative humidity). The lac17 T-DNA mutant (Salk_016748) was obtained from the Salk Institute collection.
Analysis of SUCEST Database and bioinformatic analysis
Laccase genes were identified from the Brazilian Sugarcane EST Database (SUCEST; http://www.sucest-fun.org) by performing a local tBLASTn search using laccase protein sequences of Arabidopsis thaliana (The Arabidopsis Information Resource; http://www.arabidopsis.org), Populus trichocarpa (Joint Genome Institute; http://genome.jgi-psf. org/Poptr1_1/Poptr1_1.info.html), Oryza sativa (Phytozome; http://www.phytozome.net/rice.php) and Sorghum bicolor (Phytozome; http://www.phytozome.net/sorghum) as queries (Supplementary Table S2 at JXB online). The resulting sugarcane hits were then re-blasted against the nr-NCBI database to confirm protein identity. Multiple amino acid sequence alignment and phylogenetic analysis were carried out with MEGA5 software (Tamura et al., 2011) . Evolutionary relationships were inferred using the neighbour-joining method with bootstrap tests for 1000 replicates. The evolutionary distances were computed using the Dayhoff matrix-based method. The representative sugarcane laccase gene (SofLAC) was selected based on phylogeny, co-expression analysis, and data from the literature (Casu et al., 2007) .
In silico co-expression network between SofLAC and lignin biosynthesis-related genes
For the co-expression network construction, a set of 37 cDNA libraries developed by the SUCEST project (Vettore et al., 2003) and originating from different sugarcane tissue types and developmental stages was used. For all pairs of sugarcane assembled sequences (SASs) the number of libraries in which each SAS was present was determined and the number of common libraries for both SASs was computed, as described by Faccioli et al. (2005) . To join two SASs by an edge in our network, the one-sided Fisher's exact test (P <0.05) was applied. The final co-expression network, with 50 nodes, was analysed in Medusa software (Hooper and Bork, 2005) using the affinity propagation clustering method.
RNA isolation, cDNA synthesis, and quantitative RT-PCR (qRT-PCR)
Roots, internodes at three developmental stages (young, internodes 1, 2, and 3; developing, internodes 5, 6, and 7; and mature, internodes 15, 16, and 17) and leaves from three biological replicates were harvested and frozen immediately in liquid N 2 , ground into fine powder using a pre-cooled IKA ® A11 mill and stored at -80 °C until use. Total RNA isolation, cDNA synthesis, and qRT-PCR were performed as described previously (Cesarino et al., 2013) . Sugarcane SofLAC-specific primers (Supplementary Table S1 at JXB online) were designed in the 3'-untranslated region (UTR) to discriminate the target laccase gene from other members of the gene family. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a reference gene.
Lignin histochemical staining
Stem material from young internodes (internode 3) was fixed in formalin:acetic acid:ethanol:water (5:5:60:30, v/v/v/v) , embedded in Paraplast ® X-tra (Fisher) and sections of 20 µm were obtained with a rotary microtome. Lignin deposition and composition were investigated histochemically by staining with Mäule reagent as described previously (Cesarino et al., 2012) . Mäule reagent gives an indication of lignin composition by staining S-lignin red and G-lignin brown.
In situ hybridization
The same pair of primers designed for qRT-PCR was used for the amplification of a 136 bp fragment from the 3'-UTR region of the SofLAC clone SCUTST3084C11.g ordered from the Brazilian Clone Collection Center (BCCCenter, FCAV-UNESP, Campus Jaboticabal). The fragment was cloned into pGEM ® -T Easy Vector (Promega) using T4 DNA ligase (Promega) and sequenced to confirm identity and check insert orientation. Plasmid linearization was carried out with SalI (Fermentas) and NcoI (Fermentas), and probes were synthesized by in vitro transcription with SP6 and T7 RNA polymerases using a digoxygenin (DIG) RNA labelling kit (SP6/T7) (Roche Applied Science), according to the manufacturer's protocol. A sense probe was used as a negative control.
Stem material from internode 3 was fixed in 4% paraformaldehyde (w/v) in PBS for 16 h at 4 °C under vacuum, dehydrated in a graded ethanol series, and stored at 4 °C until use. The ethanol was replaced by tertiary butyl alcohol (TBA) in a graded series (70, 85, 95 , and 100% TBA), with samples maintained in each solution for 48 h. Incubation with 100% TBA was repeated three times. Solid Paraplast X-tra was added to samples in 100% TBA (3:1, w/v) and incubated at 58 °C to melt the Paraplast and evaporate the TBA. After changing the Paraplast three times (every 12 h), the samples were placed on moulds for solidification. Serial sections of 12 µm thick were cut on a rotary microtome (Leica ® ), placed on pre-cleaned and electrically charged slides (Probe-On Plus ® ; Fisher) and distended in a heated plate at 48 °C. The slides were immersed in xylene for removal of the Paraplast, washed in 100% ethanol, and dried at room temperature. Slides were then incubated at 37 °C in 1 µg ml -1 of proteinase K solution (in 50 mM Tris/HCl, pH 7.5) for 10 min, washed in DEPC-treated water for 10 min, and further incubated for 10 min in 100 mM triethanolamine/HCl and 0.5% acetic anhydride (v/v). A hybridization solution containing 50% deionized formamide, 100 mM Tris/HCl (pH 7.5), 50 mM NaCl, 10 mM EDTA, 1× Denhardt's solution, and 10% dextran sulfate was used to dilute 400 ng ml -1 of DIGlabelled sense and antisense SofLAC probes. Hybridization was carried out overnight at 42 °C. Subsequently, slides were washed twice in 4× SSC (600 mM NaCl, 60 mM tri-sodium citrate dehydrate, pH 7.0) followed by two washes in 2× SSC for 20 min at 42 °C each. The slides were rinsed with 100 mM Tris/HCl (pH 7.5) at room temperature and then incubated with blocking solution [2%, w/v, blocking reagent (Roche) in 100 mM Tris/HCl, pH 7.5] for 10 min at 37 °C. For staining, an alkaline phosphatase-conjugated anti-DIG antibody (Roche) diluted 1:1000 in 100 mM Tris/HCl (pH 7.5), 150 mM NaCl was added and the samples incubated at 37 °C for an additional hour. Slides were washed twice with 100 mM Tris/ HCl (pH 7.5) and then incubated for 10 min in 10 mM Tris/ HCl (pH 9.0), 10 mM MgCl 2 .6H 2 O at room temperature. For immunological detection, the slides were maintained in a phosphatase substrate buffer (NBT/BCIP in 100 mM Tris/ HCl, pH 7.5, 100 mM NaCl, 5 mM MgCl 2 ) at room temperature in the dark overnight. The colour reaction was stopped by washing with 10 mM Tris/HCl (pH 8.0), 50 mM EDTA. Photomicrographs were captured with an Olympus BX 51 photomicroscope equipped with an Olympus DP71 camera.
Complementation of the Arabidopsis thaliana lac17 mutant
The full-length open reading frame of SofLAC was obtained from the Brazilian Clone Collection Center. The clone SCUTST3084C11.g was used as template for the introduction of attB1 and attB2 recombination sites by PCR, for further cloning into the Gateway pDONR221 vector via BP clonase (Invitrogen). SofLAC-specific primers were designed also to include the 3'-UTR. For AtLAC17 promoter cloning, the region directly upstream of the AtLAC17 (1997 bb; At5g60020) open reading frame was PCR amplified from genomic DNA using gene-specific primers containing the attB4 and attB1R recombination sites and BP cloned into pDONR-P4P1R. The sequence identity of all pENTR constructs was confirmed by sequencing. The recombination of pENTR-proAtLAC17 and pENTR-SofLAC in the destination vector pK7m24GW-FAST was performed via MultiSite LR Clonase Plus (Invitrogen), resulting in the expression clone proAtLAC17::SofLAC, which was introduced into Agrobacterium tumefaciens strain C58C1 PMP90 by electroporation. Positive colonies were confirmed by PCR and used for genetic transformation of the Arabidopsis lac17 mutant plants using the floral dip method (Clough and Bent, 1998) . The identification of transformed seeds (T1 line) and further identification of homozygous seeds were based on seed fluorescence (Shimada et al., 2010) .
Lignin analysis
For preparation of cell-wall material, 5 mg of senescent inflorescence dry stems were sequentially washed with 500 µl of water, ethanol, chloroform and acetone for 30 min each at 98, 76, 59, and 45 °C, respectively. Acetyl bromide lignin extraction was then performed, as described previously (Hatfield and Fukushima, 2005) . Lignin composition was investigated using thioacidolysis, as previously described (Lapierre et al., 1999) . Lignin-derived compounds were identified by analysis of their trimethylsilyl derivatives using gas chromatography/ mass spectrometry. Lignin analyses were performed with four independent transformed lines using four biological replicates for lignin quantification and three biological replicates for analysis of lignin composition. Statistical analysis was performed using Student's t-test (P <0.01, n=4 or P <0.05, n=3).
Results
SofLAC is coordinately expressed with phenylpropanoid genes and is phylogenetically related to AtLAC17 tBLASTn analysis of the Sugarcane EST Database (SUCEST) based on the annotated Arabidopsis, rice, poplar, and sorghum laccase genes resulted in the identification of 12 putative sugarcane laccase sequences. A co-expression analysis using sugarcane cDNA libraries was performed to further select candidate laccase genes putatively involved in cell-wall lignification (Fig. 1 ). This analysis showed that one specific laccase gene, named SofLAC (corresponding to two different tentative consensus numbers, SCVPRZ3027A08.g and SCUTST3084C11.g) was co-expressed with the putative phenylpropanoid genes, cinnamoyl-CoA reductase (CCR1; SCBFRT1064A01.g), p-hydroxycinnamoylCoA:quinate shikimate p-hydroxycinnamoyltransferase (HCT1; SCUTRZ3072B08.g) and caffeoyl-CoA O-methyltransferase Fig. 1 . Co-expression gene network for SofLAC. Individual genes/contigs are represented by nodes, whilst edges indicate whether two genes are coordinately expressed above a certain threshold. Genes belonging to the same vicinity are indicated by the same colour. SofLAC (diamond) was directly linked with the putative phenylpropanoid genes HCT1, CCoAOMT2, and CCR1 (highlighted in bold). Gene abbreviations and SUCEST consensus numbers are given in Supplementary Data at JXB online. (This figure is available in colour at JXB online.) (CCoAOMT2; SCJLRT2050C09.g). Moreover, several other putative phenylpropanoid biosynthesis-related genes were found in close vicinity of SofLAC, including two hydroxycinnamoyl/benzoyl transferase (HCBT; SCVPRT2082B07.g and SCCCCL4009E02.g), caffeic acid O-methyltransferase (COMT; SCJLRT1023B09.g), phenylalanine ammonia-lyase (PAL; SCJFLR1017B11.g) and cinnamyl alcohol dehydrogenase (CAD; SCEPRZ1011A02.g). In addition, SofLAC shared 99% identity with a sugarcane putative laccase gene (GenBank accession no. CA256359) shown previously to be co-expressed with a cellulose synthase (CesA) gene predicted to be involved in secondary cell-wall synthesis (Casu et al., 2007) . Thus, SofLAC was the best candidate among all 12 identified laccase genes to play a role in secondary cell-wall synthesis in sugarcane.
A phylogenetic analysis was carried out to gain insights into the evolutionary relationships between SofLAC and other plant laccases (Fig. 2) . Previously characterized laccases from Z. mays (Caparrós-Ruiz et al., 2006) , P. trichocarpa (Ranocha et al., 2002) , and G. arboreum (Wang et al., 2008) , as well as the laccase protein family from A. thaliana and S. bicolor, were included in this analysis. Consistent with previous studies, the laccases clustered into six subgroups (McCaig et al., 2005; Caparrós-Ruiz et al., 2006) . Sorghum and Arabidopsis laccases were identified in each phylogenetic group, except for subgroup 6, which was formed exclusively by the divergent AtLAC1. Although not the case for all subgroups, monocot laccases generally clustered separately from dicot laccases. In agreement with previous results, there was no clear relationship between sequence and function, as laccases with similar putative functions clustered in different subgroups. SofLAC was clustered within subgroup 1, together with ZmLAC2, ZmLAC4, and ZmLAC5 from maize, PtLAC110 from poplar and Arabidopsis AtLAC2 and AtLAC17, as well as several sorghum laccases. The closest protein to SofLAC was its co-orthologue in sorghum, SORBIDRAFT_01g039690, which shared an overall sequence identity of 95%, as expected, as sorghum is the closest relative to sugarcane in the Andropogoneae tribe (Cheavegatti-Gianotto et al., 2011) . Interestingly, the closest Arabidopsis homologue to SofLAC was AtLAC17 (overall sequence identity of 68%), which has been shown to be involved specifically in the deposition of G units in fibres in Arabidopsis stems (Berthet et al., 2011) .
The SofLAC coding sequence was 1722 bp and the predicted protein was 574 aa, with a predicted molecular weight of 62.6 kDa and a theoretical pI of 8.28. SofLAC had a putative N-terminal signal peptide for secretion, as predicted by the SignalP program, suggesting that this protein is targeted to the cell wall via the typical secretory pathway using the endoplasmic reticulum-Golgi network. In addition, subcellular localization prediction programs also suggested the apoplastic localization of SofLAC (data not shown). After cleavage, which was predicted to occur between aa 25 and 26, the mature protein contained 548 aa, with a predicted molecular weight of 60 kDa and theoretical pI of 8.31, confirming the basic nature of this laccase. According to typical features of plant laccases (Fig. 3) , SofLAC presented four highly conserved copper ligand binding sites, two N-terminal and two C-terminal, and previously reported strictly conserved motifs with unknown function such as a proline-glycineproline (PGP) motif, upstream of the first copper-binding region, a TQCP motif downstream the first copper-binding region and the NPGxW motif in the C-terminal region (McCaig et al., 2005) .
SofLAC is preferentially expressed in sclerenchymatic and parenchymatic cells of young internodes
In order to investigate whether SofLAC could be involved in lignification of sugarcane stems, the tissue/developmental expression pattern of SofLAC was analysed by qRT-PCR (Fig. 4) . Relative expression was determined in roots, internodes at three developmental stages (i.e. young, developing, and mature internodes), and leaves. Comparison among tissues showed that SofLAC was expressed preferentially in sugarcanes stems, with lower expression levels in roots and leaves. Analysis during sugarcane stem development showed higher expression of SofLAC in young internodes, whilst the expression level decreased with maturity.
In order to localize the expression of SofLAC more precisely at the cell-type level, mRNA localization was performed by in situ hybridization. Young internodes were chosen for this experiment, as they corresponded to the tissue with the highest accumulation of SofLAC mRNA. In addition, histochemical staining with Mäule reagent was carried out to compare developmental lignin deposition with cell-specific SofLAC mRNA accumulation. Lignified cell types from internode 3 included the protoxylem and metaxylem elements, sclerenchyma sheath, and, to a lesser extent, parenchymatic cells close to the periphery of the stem (Fig. 5A, C, E) . The antisense SofLAC probe was detected strongly in inner and outer portions of the sclerenchymatic bundle (Fig. 5B, D, F) . A signal was also detected in parenchymatic cells surrounding the vascular bundles (Fig. 5G) . No signal was detected when a sense probe (control) was used (Fig. 5H) . Therefore, the expression pattern and mRNA localization of SofLAC were in agreement with the histochemical staining of lignin and thus with the expected expression pattern of genes involved in the lignification process in sugarcane stems.
Sugarcane SofLAC can complement the Arabidopsis lac17 mutant
To investigate whether SofLAC can complement the Arabidopsis lac17 mutant, which has a lower lignin content, the coding sequence of SofLAC including its 3'-UTR was expressed under the control of the endogenous AtLAC17 promoter in the lac17 background (Fig. 6A) . The 3'-UTR was included, as a previous study revealed its importance for efficient complementation of the Arabidopsis lac17 mutant by AtLAC17 (Berthet et al., 2011) . Several independent transformants were obtained, and SofLAC expression was confirmed by RT-PCR (Fig. 6B) . Four independent transformants with high SofLAC expression were analysed further. The Arabidopsis lac17 mutant had 14% less Klason lignin than the corresponding control and a higher S:G ratio, as LAC17 deficiency affects G-unit deposition in interfascicular fibres (Berthet et al., 2011) . Therefore, the effectiveness of complementation was evaluated by subjecting dry stems to lignin quantification using the acetyl bromide method and to lignin composition analysis using thioacidolysis. Under our conditions, the lac17 mutant had 19% less lignin than the corresponding WT control and had a higher S:G ratio (0.42 in the lac17 mutant compared with 0.33 in the WT) (Fig. 6C,  D) . Expression of SofLAC in the lac17 background resulted in the complete restoration of WT lignin levels in all four transformed lines analysed (Fig. 6C) . In contrast, the complemented lines showed a similar (LAC1, LAC2, and LAC4) or even higher (LAC3) S:G ratio when compared with the lac17 mutant (Fig. 6D ). These observations demonstrated that expression of SofLAC was sufficient to restore the WT lignin content and suggested that this laccase is potentially involved in lignification in sugarcane young stems. However, in contrast to its Arabidopsis homologue, SofLAC might not be specific for the deposition of G units, as the higher S:G ratio found in lac17 mutants was not restored to the WT level after complementation with the SofLAC coding sequence.
neighbour-joining method. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. NCBI accession numbers are given in Supplementary Data. Fig. 3 . Multiple amino acid sequence alignment of SofLAC and closely related laccases. Amino acid identity is highlighted by black shading. The overall sequence identity between SofLAC and other proteins was 95% with Sb_01g039690, 68% with AtLAC17, and 66% with PtLAC110. The black triangle indicates the putative cleavage site, black bars correspond to strictly conserved motifs with unknown function, and black stars indicate typical conserved copper ligand binding sites.
Discussion
Sugarcane is a C4 plant with a high capacity to convert solar radiation into biomass and also with the ability to accumulate up to 50-60% of the stem dry weight as sucrose in the mature tissues (Casu et al., 2004) . The worldwide demand for sustainably produced energy has increased the interest in sugarcane in recent years; approximately 25 billion litres of ethanol were produced in Brazil in the 2009/2010 crop season (Cheavegatti-Gianotto et al., 2011) . Although the production of sugar-based ethanol, often referred to as first-generation ethanol, represents the most convenient and efficient option for sustainable energy in the case of sugarcane, the biofuel industry could also benefit from recent advances in processing lignocellulosic biomass, especially because sugarcane is among the most efficient biomass producers known (Vermerris, 2011) . The so-called second-generation ethanol is produced from the plant biomass composed of the polymers cellulose, hemicellulose, and lignin (Yuan et al., 2008) . However, the recalcitrant nature of this mixture negatively affects the conversion of plant cell-wall polysaccharides into fermentable sugars for biofuels (Vanholme et al., 2010a) . In this regard, the ability of lignin to resist degradation makes this complex phenolic polymer the major plant cell-wall component responsible for biomass recalcitrance (Weng et al., 2008) . Therefore, a deeper understanding of lignin biosynthesis and regulation in monocots is required in order to develop less recalcitrant varieties that are more amenable to biomass processing. Genetic information on lignin biosynthesis in sugarcane is scarce and limited to a few studies reporting on a limited number of phenylpropanoid genes that were expressed differentially during sugarcane stem development or in relation to sucrose accumulation (Casu et al., 2004 (Casu et al., , 2007 . Only recently, the first lignin biosynthetic gene, an orthologue of COMT, was functionally characterized in sugarcane through reverse genetics (Jung et al., 2012) . Here, a combination of co-expression analysis, tissue-and cell-specific expression analyses, and genetic complementation were employed for the functional characterization of a laccase protein, SofLAC, potentially involved in lignin biosynthesis in sugarcane.
Co-expression approaches have been considered a valuable tool for identifying new genes involved in secondary cellwall biosynthesis (Brown et al., 2005; Persson et al., 2005; Ruprecht and Persson, 2012) . Co-expressed gene pairs, i.e. genes whose expression is correlated over various tissues or conditions, have the potential to be involved in similar processes and to have similar functions (Ruprecht and Persson, 2012) . The expression of SofLAC was linked directly with the expression of the phenylpropanoid genes HCT1, CCR1, and CCoAOMT2, whilst several other lignin-related genes, although not directly coordinated with SofLAC expression, were found in the close vicinity and connected to the same nodes as SofLAC. In Arabidopsis, non-annotated genes whose expression is highly co-regulated with the expression of CesA genes involved in secondary cell-wall synthesis were analysed genetically and their function in the same physiological process was confirmed (Brown et al., 2005; Persson et al., 2005) . In the same study (Persson et al., 2005) , AtLAC4 and AtLAC17 were among the most highly co-regulated genes for these CesA genes. Recently, the involvement of AtLAC4 and AtLAC17 in lignin polymerization in Arabidopsis stems was demonstrated through reverse genetics (Berthet et al., 2011) , validating the effectiveness of co-expression approaches for gene function discovery. In this regard, the transcriptional coordination of SofLAC with genes from the lignin biosynthesis pathway and the fact that Arabidopsis lac17 is the closest laccase homologue to SofLAC suggest a potential role of this particular laccase in lignin polymerization in sugarcane.
Similar to peroxidases, functional characterization of plant laccases has been a major challenge due to genetic redundancy among members of the multigene family, the diversity of physiological processes catalysed by them and the broad substrate specificity in vitro (Ranocha et al., 2002; Cai et al., 2006; Liang et al., 2006) . Transcriptomic approaches seem to offer a valuable option to overcome some of these difficulties (Cosio and Dunand, 2010) . Accordingly, a laccase gene whose expression is activated during lignin deposition and is preferentially expressed in plant tissues that undergo lignification is likely to be involved in lignin polymerization in this specific tissue type. SofLAC mRNA preferentially accumulated in sclerenchymatic bundle sheaths of sugarcane young internodes. Despite the fact that the lignification process is highly active in developing and mature internodes, secondary walls are already present in cells from young internodes, where lignin is deposited in protoxylem and metaxylem elements and inner and outer portions of sclerenchymatic bundle sheets (Cesarino et al., 2012) . Casu et al. (2007) reported similar results for this specific laccase gene in sugarcane (i.e. higher expression in young stems), which was similar to the expression pattern of ShCesA12, a CesA gene putatively involved in secondary cellwall synthesis in sugarcane. Therefore, the expression pattern of SofLAC is in agreement with the hypothesis that laccases play a role in the early stages of lignification in living cells, as they operate in the absence of toxic H 2 O 2 (Sterjiades et al., 1993) . Interestingly, most expressed phenylpropanoid genes in maize had maximum expression in young ear internodes, with lower levels during the following stages of development, whilst lignin content remarkably increased with maturity (Riboulet et al., 2009) . Finally, transcripts and proteins of AtLAC17, SofLAC's closest homologue in Arabidopsis, could only be detected in interfascicular fibres and not in vessels (Berthet et al., 2011) , which resembles the cell-type-specific localization of SofLAC expression. Taken together, the results from expression analyses suggest that SofLAC is involved in lignification mainly of sclerenchymatic sheaths during early stages of sugarcane stem development.
Although co-expression networks and expression analyses can be used to link a laccase gene to a specific process, transgenic approaches are in principle more reliable for elucidation of gene function Cosio and Dunand, 2009 ). However, genetic transformation of sugarcane has continued to be a major bottleneck. Sugarcane transformation has mostly been performed by particle bombardment of embryogenic calli, but transgene expression is generally switched off in mature plants due to both transcriptional and posttranscriptional gene silencing (Arruda, 2012) . Expression instability in mature sugarcane plants is attributed to gene silencing induced by integration of high copy numbers of transgenes, as well as to the high ploidy levels of the sugarcane genome, which is normally about 12× in modern cultivars (Manners and Casu, 2011; Arruda, 2012) . Alternatively, Agrobacterium-mediated transformation has been employed, but this approach is still limited by the low transformation efficiency, high variability between experiments, and genotype specificity (Anderson and Birch, 2012) . Furthermore, regardless of the transformation protocol, tissue culture and plant regeneration are prerequisites for sugarcane genetic transformation, which are laborious and time-consuming. Finally, an additional drawback of sugarcane is the lack of mutants compared with Arabidopsis and other model plants.
To overcome these limitations and to provide strong genetic evidence of the involvement of SofLAC in lignin biosynthesis, genetic complementation of the Arabidopsis lac17 mutant was performed with the coding sequence of SofLAC under the control of the AtLAC17 promoter. The Arabidopsis lac17 mutant was chosen because: (i) AtLAC17 is the closest homologue to SofLAC in Arabidopsis; (ii) a knockdown T-DNA line is available, which has a lower lignin content and an altered S:G ratio; (iii) the cell-type specificity of SofLAC expression seems to be similar to that observed for AtLAC17 in Arabidopsis stems; and (iv) SofLAC substrate specificity towards S and G monomers could be assessed in vivo by analysing the S:G ratio of the complemented mutant lines.
The expression of SofLAC under the control of the endogenous AtLAC17 promoter in the lac17 background led to complete recovery of lignin levels to those of the WT. These results provide strong genetic evidence of the involvement of SofLAC in the constitutive lignification of sugarcane stems. In addition, the genetic complementation approach allowed us to gain insight into the specificity of SofLAC towards lignin monomers in vivo. Whilst the reintroduction of AtLAC17 in the lac17 mutant under the control of its endogenous promoter decreased the elevated S:G ratio of the mutant to WT levels, SofLAC expression resulted in similar or even higher S:G ratios when compared with the lac17 mutant. As grass cell walls differ dramatically from dicot cell walls in terms of types and relative abundance of hemicellulosic polysaccharides, levels of pectin and structural proteins, and lignin monomeric composition (Vogel, 2008) , the interpretation of SofLAC specificity in a heterologous cell-wall environment must be done with care. Grass lignin not only accumulates up to 15% of H units but also contains substantial amounts of ferulic acid and p-coumaric acid (Grabber et al., 2004) . Therefore, the S:G ratio in dicots might not easily be restored by laccases of grasses, which may have evolved to accommodate the different substrates available in grass cell walls. Nevertheless, it seems obvious that SofLAC presents a different monomeric specificity in planta from its corresponding Arabidopsis homologue AtLAC17 and thus does not preferentially use G units during lignin polymerization.
In conclusion, here we have reported, for the first time to our knowledge, on the functional characterization of a laccase gene in sugarcane and also provided additional confirmation of the involvement of laccases in the oxidative coupling of monolignols. The potential use of sugarcane lignocellulosic material as biofuel feedstock will require an enhanced understanding of the major factors affecting biomass recalcitrance. In this regard, the identification and characterization of genes involved in all aspects of lignin deposition in the cell walls of bioenergy crops is essential for the rational metabolic engineering of plant feedstock for bioenergy purposes.
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